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LASER OPTOACOUSTIC ULTRASONIC IMAGING SYSTEM (LOUIS)
AND METHODS OF USE

Cross-Reference to Related Applications

This international application claims benefit of priority under 35 U.S.C. §119(e) of provisional
application U.S. Serial No. 61/632,387, filed March 1, 2012 and of provisional application U.S. Serial
No. 61/605,276, filed January 23, 2012, now abandoned, the entirety of which is hereby incorporated

by reference.

BACKGROUND OF THE INVENTION

Field of the Invention

The present invention relates to the field of biomedical imaging and discloses the designs and
methods used for a tomographic system that can provide comprehensive medical information about a
portion of the body under examination. More specifically, the present invention provides a Laser
Optoacoustic Ultrasonic Imaging System (LOUIS) for three-dimensional tomography of a subject or

portion or body part thereof.

Description of the Related Art

Imaging internal structures of a human or animal subject body has been a subject of many
inventions. There are systems that use ultrasound pressure waves, photon waves and acoustic
waves induced by absorption of photons in tissues of the subject body. However, the prior art lacks a
system that can provide comprehensive information about tissues, including anatomical structure
(morphology) and molecular composition simultaneously with information about tissue normal or
abnormal function. The most detailed and comprehensive information can be provided by high
resolution three dimensional maps, especially valuable if such maps are provided in real time, i.e.
faster than the time required for certain changes to occur in the subject body. Medically important
changes may occur in the subject body on the time scale as long several minutes and as short as
fraction of a second. Therefore, the most ideal system can provide detailed (high resolution) three-
dimensional functional and anatomical maps (images) of the subject body or least certain organs of
the subject body.

Laser ultrasound method and systems designed for nondestructive evaluation of materials
such as metals, ceramics and fiber-epoxy composites have been discussed in the literature.
However, these systems are not three-dimensional tomography systems and their design cannot be
used for biomedical imaging. Methods and materials for laser generation of ultrasonic pulses have
been discussed in the prior art (7) and proposals have been made by O’Donnell group for application
of such pulses in 3D and 2D ultrasonic imaging in medicine. However, the prior art lacks description

of a design for 3D laser ultrasound tomography system capable of volumetric visualization of
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biomedical objects through algorithms of reconstruction tomography, such as filtered back-projection
tomography and of the full set of properties of the layers of the materials for the most effective
generation of ultrawide-band ultrasound with laser pulses. Three-dimensional ultrasound tomography
has been proposed for biomedical imaging, specifically for the volumetric imaging of breast cancer.
However, the ultrasound pulses in these systems are generated through application of electrical
voltage pulses to piezoelectric elements.

Optoacoustic tomography is used in biomedical applications for in vivo and in vitro imaging of
animal and human tissues and organs based on differences in tissue optical properties. Optoacoustic
tomography has the potential to become valuable modality of functional molecular imaging. The
essence of functional molecular imaging is to provide quantitative information (maps) of distributions
and concentrations of various molecules of interest for medicine. For example, distribution of
hemoglobin and oxi-hemoglobin concentration in tissue shows whether the tissue normally functions
or it is damaged or malignant. Distribution of specific protein receptors in cell membranes give insight
into molecular biology or cells helping in designing drugs and therapeutic methods to treating human
diseases.

Laser optoacoustic imaging systems and methods have been disclosed by Oraevsky et al
(8,9), Kruger et al. (10-11) and others (12-18). However, the prior art lacks description of a 3D
tomography system that combines laser ultrasonic and laser optoacoustic tomography in one imaging
module, allows natural coregistration of volumetric images acquired and reconstructed using the two
modalities and thereby provides the most comprehensive anatomical, functional and molecular
information for the physician or biomedical researcher.

The prior art contains some limited information about the idea of combining the laser
optoacoustic imaging and the laser ultrasonic imaging. Specifically, the group of Karabutov from
Moscow State University proposed a combined array that can be used in both imaging modalities.
However, the proposed design was limited to a scanning system based on a single transudcer that is
focused into a point at some specific depth (19). This design could only be used for one-dimensional
depth profiling, potentially for two-dimensional imaging, even though the design is shown only for a
single transducer, but not for three-dimensional tomography. This design remains just an idea
several years after the original publication likely because authors themselves realized a number of
technical deficiencies limiting usefulness of this system in biomedical applications.

A major drawback of this design is that the array is focused into a line and it will take a long
time to acquire complete 2D image of a slice, which is not practical. Moreover, the main problem in
the design is that it cannot be used for optoacoustic imaging as described because the laser pulse
strikes a strongly absorbing polymer layer and there is no laser pulse delivery directly to the tissue
surface. Therefore, even though the paper implies a combined laser ultrasound and optoacoustic
system, the proposed array can be used only for laser ultrasound imaging which is similar to the
designs developed for laser ultrasound nondestructive evaluation of industrial materials.

Despite years of research effort, there remains an urgent need for the development of
imaging technology that can improve the sensitivity of detection, specificity of biomedical diagnostics

and characterization of changes that occur during and after therapeutic interventions by providing
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comprehensive detailed unobstructed high resolution volumetric pictures of biological tissues, organs
and bodies. Detection and treatment of breast cancer especially is lacking the needed technologies.
The current problems of breast cancer care are numerous (1-5), i.e., a large number (~20%) of breast
tumors are missed by x-ray mammography, especially in the dense breast of younger women, (2)
about 75% of biopsies are unnecessary, cancers are missed due to insufficient contrast of ultrasound
guided biopsy, and a lack of fast and safe functional imaging techniques to assess the effectiveness
of anticancer chemotherapy and other therapies. Diagnostic and treatment of many other diseases
(atherosclerosis and peripheral vascular diseases, heart disease and stroke, diabetes and burns) and
biomedical research (in cancer biology, hematology, neurology and drug discovery and testing) can
benefit from the comprehensive 3D tomography system.

While prior art systems may provide a base for the design and development of a clinically
viable laser optoacoustic ultrasonic imaging system (LOUIS) (19,20), Previously developed
optoacoustic imaging systems and laser ultrasound monitoring systems have limited resolution and
sensitivity, have limited field of view, have reduced accuracy of quantitative information, have artifacts
associated with projection onto image plane of objects located out of the image plane, and have no
capability to provide detailed information on distribution of speed of sound.

Thus, there is a recognized need in the art for an improved three-dimensional tomographic
system that overcome these limitations. Particularly, the prior art is deficient in a tomographic system
that combines laser ultrasound and laser optoacoustic tomography useful for many biomedical
applications such as, but not limited to, cancer detection or screening, monitoring of anticancer
therapies, detection and characterization of vascular diseases, monitoring drug distribution,
distribution of nanoparticles or contrast agents and physiological and pathological processes. The

present invention fulfills this longstanding need and desire in the art.

SUMMARY OF THE INVENTION

The present invention is directed to a laser ultrasonic imaging system. The imaging system
comprises means for delivering short pulses of optical energy to an array of ultrasonic emitters
comprising optically absorbing elements placed in specific locations configured for efficient
conversion of the absorbed optical energy into a short pulses of acoustic energy within a wide band of
ultrasonic frequencies. The imaging system comprises means for delivering the short ultrasonic
pulses with known amplitude and ultrasonic frequency spectrum through a coupling medium to a
volume of interest in a subject at a given time or time zero. The imaging system comprises means for
detecting the ultrasonic pulses in multiple positions at or around said volume of interest and
measuring one or more parameters of time of propagation, amplitude and ultrasonic frequency
spectrum, after the ultrasonic pulses are transmitted through or reflected from the volume of interest
using an array of wide-band ultrasonic transducers that convert ultrasonic pulses into electronic
signals. The imaging system comprises means for analog amplification and digital recording of the
electronic signals and for performing signal processing to remove distortions of electronic signals.

The imaging system comprises means for image reconstruction using mathematical tomography
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algorithms, means for image processing and display and for data transmission and system control.

The present invention also is directed to a dual-modality imaging system. The dual-modality
imaging system comprises a first means comprising the laser ultrasonic system described herein
configured to generate tomographic images of a volume of interest in a subject body utilizing
parameters comprising one or more of the speed of sound, ultrasound attenuation or ultrasound
backscattering. The dual-modality imaging system comprises a second means for generating
optoacoustic tomographic images of distribution of the optical absorption coefficient in the subject
body utilizing parameters of the absorbed optical energy density or various quantitative parameters
that can be derived from the optical absorption.

The present invention is directed further to a imaging method for increasing contrast,
resolution and accuracy of quantitative information obtained within a subject. The method comprises
the steps of producing a laser ultrasound or laser optoacoustic image of an outline boundary of a
volume of interest within the subject using the dual-modality imaging system described herein. A
spatially or temporally coregistered image of speed of sound and/or an image of ultrasonic
attenuation within the outlined volume boundary is generated from information contained in the laser
ultrasound or laser optoacoustic image and a spatially or temporally coregistered optoacoustic image
is generated based on absorbed optical energy using an algorithm of the image reconstruction that
employs distribution of the speed of sound and/or ultrasound attenuation within the outlined volume
boundary.

The present invention is directed further still to a laser optoacoustic ultrasound imaging
system (LOUIS). The LOUIS imaging system comprises a dual laser source switchable between a
laser ultrasonic mode and a laser optoacoustic mode, where the laser source is configured to emit
either short optical pulses with high repetition rate for the illumination of the ultrasonic emitters in the
ultrasonic mode or short optical pulses with lower repetition rate but higher pulse energy for the
ilumination of the volume of interest in the optoacoustic mode. The LOUIS imaging system comprises
an imaging module comprising one or more ultrawide-band ultrasonic transducers configured to
detect, through a coupling medium, optoacoustic and ultrasonic signals propagated as transient
pressure waves from the volume of interest within a subject body. The LOUIS imaging system
comprises means to rotate and/or translate the imaging module relative to the volume of interest in
the subject body to create multiple pressure waves, said means computer controllable or manually
controllable. The LOUIS imaging system comprises means for processing the detected laser
optoacoustic and laser ultrasonic signals and for reconstructing processed signals into one or more of
anatomical and functional/molecular images of the volume of interest in the subject body. The
present invention is directed to a related LOUIS imaging system further comprising means for
displaying the one or more images or superimposed coregistered images of the subject body or the
volume of interest therein.

The present invention is directed further still to a method for imaging a subject's body or a
volume of interest therewithin. The method comprises positioning the subject body within or
proximate to the imaging module of the laser optoacoustic ultrasound imaging system described

herein, delivering a laser-generated pulses of ultrasonic energy to a volume of interest in the subject
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body and detecting the transmitted or reflected ultrasonic pressure waves while measuring one or
more parameters comprising a difference between the time of emission and a time of arrival, a
difference between emitted amplitude and detected amplitude, and a difference between ultrasonic
frequency spectrum of emitted and detected ultrasonic pulses. Then delivering a laser-generated
pulse of optical energy is delivered to a volume of interest in the subject body and the ultrasonic
pressure waves generated through optical absorption inside the subject body are detected while
measuring one or more parameters comprising a time of arrival relative to a time of generation, an
amplitude of detected optoacoustic signals, and an ultrasonic frequency spectrum of detected
optoacoustic signals. The subject body or volume of interest therein is scanned with a detecting
array of ultrawide-band ultrasonic transducers by repeating steps the previous steps at multiple
positions around the subject body or volume of interest while simultaneously scanning the sources
of optical energy and sources of ultrasonic energy such that relative position of the detecting array
of ultrasonic transducers and the sources of optical or ultrasonic energy can change or remain
constant during the scans. processing the detected ultrasonic signals are processed to remove
distortions of detected signals and one or more volumetric images are reconstructed via
mathematical tomography algorithms using data of the processed signals.

Other and further aspects, features, and advantages of the present invention will be
apparent from the following description of the presently preferred embodiments of the invention

given for the purpose of disclosure.

BRIEF DESCRIPTIONS OF THE DRAWINGS

So that the matter in which the above-recited features, advantages and objects of the
invention, as well as others that will become clear, are attained and can be understood in detail,
more particular descriptions of the invention briefly summarized above may be had by reference to
certain embodiments thereof that are illustrated in the appended drawings. These drawings form a
part of the specification. It is to be noted, however, that the appended drawings illustrate preferred
embodiments of the invention and therefore are not to be considered limiting in their scope.

FIGS. 1A-1C depict two-dimensional images of a female’s right cancerous breast in an an
ultrasound image (Figure 1A), an optoacoustic image (Figure 1B) and an x-ray mammogram (Figure
1C).

FIG. 2 shows the assembled laser optoacoustic ultrasonic system.

FIGS. 3A-3B depict the imaging module for the three-dimensional Laser Optoacoustic
Ultrasound System (LOUIS-3D) with combined linear-flat plus arc shaped transducers (Figure 3A)
and with an arc-shaped transducer array (Figure 3B).

FIGS. 4A-4C are back, front and side views, respectively, of a laser ultrasonic emitter.

FIGS. 5A-5C depict the generation of Delta ultrasound pulses with high amplitude (FIG. 5A),
ultrawide frequency spectrum (FIG. 5B) and wide directivity (FIG. 5C).

FIG. 6 is a table of Gruneisen parameters for liquids and solids with high thermal expansion
and high speed of sound.

FIG. 7 depicts a hand-held probe comprising the imaging module.
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FIGS. 8A-8C are graphs of an electrically generated (FIG. 8A) and laser generated (FIG. 8B)
ultrasound pulses and of the frequency spectrum (FIG. 8C) corresponding to FIG. 8B.

FIGS. 9A-9B depict three intersecting horse hairs (FIG. 9A) and the optoacoustic image
brightness cross-section of one hair (FIG. 9B).

FIGS. 10A-10B depict optoacoustic profiles of a PZT (FIG. 10A) and of a single crystal PMN
ceramic (FIG. 10B) ultrasonic transducers.

FIGS. 11A-11B are 2D projections of three-dimensional optoacoustic images of a mouse skin
outline in vivo.

FIGS. 12A-12B illustrate the distribution of the speed of sound (FIG. 12A) and ultrasonic
attenuation (FIG. 12B) in a phantom simulating a breast.

FIG. 13 is a 2D projection of an optoacoustic image of mouse body.

FIG. 14 2D projection of a 3D LOUIS image of an animal body vasculature.

FIG. 15 is an optoacoustic image of brain vasculature in a live mouse.

FIGS. 16A-16C show 2D projections of 3D optoacoustic images using contrast agents of a
breast tumor (FIG. 16A) before (FIG. 16B) and after injection of GNR-PEG-Herceptin (FIG. 16C).

FIGS. 17A-17B are 3D laser optoacoustic images of breasts acquired and reconstructed with
LOUIS-3D.

FIG. 18 illustrates the optoacoustic image reconstruction algorithm.

FIGS. 19A-19B are optoacoustic images of a mouse vasculature reconstructed with a
standard filtered backprojection algorithm (FIG. 19A) and with a filtered backprojection algorithm
(FIG. 19B) as detailed in FIG. 18.

FIGS. 20A-20B are images reconstructed using a filtered backprojection algorithm and the
entire set of measured signal data (FIG. 20A) and using an iterative algorithm taking only 1/4 portion
of the data set (FIG. 20B).

DETAILED DESCRIPTION OF THE INVENTION

(7]

As used herein in the specification, “a” or “an” may mean one or more. As used herein in the
claim(s), when used in conjunction with the word “comprising”, the words “a” or “an” may mean one
or more than one.

As used herein "another” or “other” may mean at least a second or more of the same or
different claim element or components thereof. Similarly, the word "or" is intended to include "and"
unless the context clearly indicates otherwise. "Comprise” means "include.”

As used herein, the term “about” refers to a numeric value, including, for example, whole
numbers, fractions, and percentages, whether or not explicitly indicated. The term “about” generally
refers to a range of numerical values (e.g., +/- 5-10% of the recited value) that one of ordinary skill
in the art would consider equivalent to the recited value (e.g., having the same function or result). In
some instances, the term “about” may include numerical values that are rounded to the nearest
significant figure.

As used herein, the term “computer” or “computer system” refers to any networkable

tabletop or handheld electronic device comprising a memory, a processor, a display and at least
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one wired or wireless network connection. As is known in the art, the processor is configured to
execute instructions comprising any software programs or applications or processes tangibly stored
in computer memory or tangibly stored in any known computer-readable medium.

As used herein, the term “subject’ refers to a human or other mammal or animal or to any
portion or body part thereof on which imaging, for example, laser optoacoustic ultrasound imaging,
may be performed.

In one embodiment of the present invention there is provided a laser ultrasonic imaging
system, comprising a) means for delivering short pulses of optical energy to an array of ultrasonic
emitters comprising optically absorbing elements placed in specific locations configured for efficient
conversion of the absorbed optical energy into a short pulses of acoustic energy within a wide band of
ultrasonic frequencies; b) means for delivering said short ultrasonic pulses with known amplitude and
ultrasonic frequency spectrum through a coupling medium to a volume of interest in a subject at a
given time or time zero; ¢) means for detecting said ultrasonic pulses in multiple positions at or
around said volume of interest and measuring one or more parameters of time of propagation,
amplitude and ultrasonic frequency spectrum, after said ultrasonic pulses are transmitted through or
reflected from the volume of interest using an array of wide-band ultrasonic transducers that convert
ultrasonic pulses into electronic signals; d) means for analog amplification and digital recording of
said electronic signals; e€) means for performing signal processing to remove distortions of electronic
signals; f) means for image reconstruction using mathematical tomography algorithms; g) means for
image processing and display; h) means for data transmission and system control.

In this embodiment system may be configured to produce in real time at a video rate two-
dimensional images of thin tissue slices based on measured parameters of the speed of sound,
ultrasound attenuation or ultrasound backscattering. Also, in this embodiment system may be
configured to produce three-dimensional images of the volume of interest in a subject body based on
measured parameters of the speed of sound, ultrasound attenuation or ultrasound scattering. In an
aspect of this embodiment the means for detecting the ultrasonic pulses comprises a hand-held probe
configured for acquisition, reconstruction and display of real-time two-dimensional or three-
dimensional images.

In another embodiment of the present invention there is provided a dual-modality imaging
system, comprising a) first means comprising the laser ultrasonic system of described supra
configured to generate tomographic images of a volume of interest in a subject body utilizing
parameters comprising one or more of the speed of sound, ultrasound attenuation or ultrasound
backscattering; and b) second means for generating optoacoustic tomographic images of distribution
of the optical absorption coefficient in the subject body utilizing parameters of the absorbed optical
energy density or various quantitative parameters that can be derived from the optical absorption.

In this embodiment the first generating means may comprise laser-generated ultrasound and
the second generating means may comprise laser-generated optoacoustics, both of said first and
second means comprising an ultrawide-band ultrasonic transducer array positioned for acoustic
detection of transient pressure waves resulting from delivery of the laser-generated ultrasound and

the laser-generated optoacoustics. Particularly, the images may be generated by the laser-generated
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ultrasound are tomographic images of tissue anatomy, morphology and structure. In an aspect of this
embodiment the images may be generated by the laser-generated optoacoustics are tomographic
images of tissue functional molecules such as hemoglobin, oxyhemoglobin, water, lipids, proteins and
other molecules of biomedical interest. In another aspect the images may be generated by the laser-
generated optoacoustics are tomographic images of proteins, nucleic acids, enzymes and other
molecules comprising tissue of biomedical interest targeted with exogenous contrast agents or
images of a spatial distribution of the exogenous contrast agents, where the contrast agents
increasing contrast or characterizing molecules, cells or tissues. Representative examples of
exogeneous contrast agents are optical, optoacoustic, acoustic ultrasonic or dual optoacoustic-
ultrasonic contrast agents and the contrast agents are either molecules or nanoparticles. In all
embodiments and aspects of the present invention the images may be spatially coregistered or
temporally coregistered.

In yet another embodiment of the present invention there is provided a imaging method for
increasing contrast, resolution and accuracy of quantitative information obtained within a subject,
comprising the steps of a) producing a laser ultrasound or laser optoacoustic image of an outline
boundary of a volume of interest within the subject using the dual-modality imaging system described
supra; b) generating a spatially or temporally coregistered image of speed of sound and/or an image
of ultrasonic attenuation within the outlined volume boundary from information contained in the laser
ultrasound or laser optoacoustic image; and c) generating a spatially or temporally coregistered
optoacoustic image based on absorbed optical energy using an algorithm of the image reconstruction
that employs distribution of the speed of sound and/or ultrasound attenuation within the outlined
volume boundary.

In yet another embodiment of the present invention there is provided a laser optoacoustic
ultrasound imaging system (LOUIS), comprising a) a dual laser source switchable between a laser
ultrasonic mode and a laser optoacoustic mode, said laser source capable to emit either short optical
pulses with high repetition rate for the illumination of the ultrasonic emitters in the ultrasonic mode or
short optical pulses with lower repetition rate but higher pulse energy for the illumination of the
volume of interest in the optoacoustic mode; b) an imaging module comprising one or more ultrawide-
band ultrasonic transducers configured to detect, through a coupling medium, optoacoustic and
ultrasonic signals propagated as transient pressure waves from said volume of interest within a
subject body; ¢) means to rotate and/or translate said imaging module relative to the volume of
interest in the subject body to create multiple pressure waves, said means computer controllable or
manually controllable;d) means for processing said detected laser optoacoustic and laser ultrasonic
signals and reconstructing processed signals into one or more of anatomical and functional/molecular
images of the volume of interest in the subject body. The present invention is directed to a related
laser optoacoustic ultrasound imaging system further comprising means for displaying the one or
more images or superimposed coregistered images of the subject body or the volume of interest
therein. Further to this embodiment the LOUIS imaging system comprises means for displaying the
one or more images or superimposed coregistered images of the subject body or the volume of

interest therein.
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In both embodiments laser optoacoustic illumination may be performed in orthogonal mode,
backward mode forward mode relative to the subject body or the volume of interest therein. Also,
laser ultrasonication may be performed in transmission or forward mode or in reflection or backward
mode relative to the subject body or the volume of interest therein or in a combination of the modes.
In addition the laser wavelength may be about 532 nm to about 1064 nm. Furthermore, the one or
more ultrawide-band ultrasonic transducers may be configured to detect ultrasonic signals with no or
minimal reverberations. Further still the transducer array may be interchangeable for acquisition of
various types of images in order to achieve greater contrast, resolution, or quantitative accuracy of
either optoacoustic or ultrasonic images or both.

Also, in both embodiments the means for processing and reconstructing said detected
ultrasonic signals comprises one or more of electronic amplifiers with time-gain-control circuits;
multichannel analog-to-digital-converter with a field programmable gate array; and imaging module
design and tomography algorithms configured to reconstruct quantitatively accurate volumetric
images.

In one aspect of these embodiments the rotating means may be configured to rotate the
imaging module, wherein the detecting array of transducers comprises an arc-shaped array or linear
flat array or combination of said array shapes comprising small ultrawide-band ultrasonic transducers
with wide angular directivity. In another aspect the translating means may be configured to translate
said imaging module, wherein the detecting array of transducers comprises an arc-shaped array or
linear flat array or combination of said array shapes comprising finite size ultrasonic transducers with
narrow angular directivity. In addition, in these embodiments and aspects, the imaging module
comprises a hand-held probe configured for acquisition, reconstruction and display of real-time two-
dimensional or three-dimensional images.

In yet another embodiment of the present invention there is provided a method for imaging a
subject’s body or a volume of interest within, comprising the steps of a) positioning the subject body
within or proximate to the imaging module of the laser optoacoustic ultrasound imaging system
described supra; b) delivering a laser-generated pulses of ultrasonic energy to a volume of interest in
the subject body; c) detecting the transmitted or reflected ultrasonic pressure waves while measuring
one or more parameters comprising a difference between the time of emission and a time of arrival, a
difference between emitted amplitude and detected amplitude, and a difference between ultrasonic
frequency spectrum of emitted and detected ultrasonic pulses; d) delivering a laser-generated pulse
of optical energy to a volume of interest in the subject body; e) detecting the ultrasonic pressure
waves generated through optical absorption inside the subject body while measuring one or more
parameters comprising a time of arrival relative to a time of generation, an amplitude of detected
optoacoustic signals, and an ultrasonic frequency spectrum of detected optoacoustic signals; f)
scanning the subject body or volume of interest therein with a detecting array of ultrawide-band
ultrasonic transducers by repeating steps b) to e) at multiple positions around the subject body or
volume of interest while simultaneously scanning the sources of optical energy and sources of
ultrasonic energy such that relative position of the detecting array of ultrasonic transducers and the

sources of optical or ultrasonic energy can change or remain constant during the scans; g) processing
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the detected ultrasonic signals to remove distortions of detected signals; and h) reconstructing one or
more volumetric images via mathematical tomography algorithms using data of the processed
signals.

In this embodiment the pulse of optical energy may have a duration shorter than the time of
pressure wave propagation through the distance in the subject body or volume thereof equal to a
desired spatial resolution. Also, the other energy may be electromagnetic energy with a wavelength
of about 1 nm to about 1m. In addition the one or more volumetric images may be three-dimensional
images of the volume of interest or of the subject body, or may be two-dimensional slices through the
three-dimensional volume of interest or even one-dimensional profiles of molecules of interest within
the volume. Furthermore at least one volume of interest may be a tumor, a lymph node, a vascular
circulation network, or a brain. Further still the laser ultrasound or laser optoacoustic images may
provide a feedback for guidance of therapeutic treatments or surgical interventions.

In this embodiment the scanning step may comprise a) scanning the whole subject subject
body with a first array of ultrasonic transducers in a rotational configuration to determine at least one
volume-of-interest and its characteristics related to absorbed optical energy; b) replacing the first
array with a second array of ultrasonic transducers in a translational configuration; and ¢) scanning
through said at least one volume-of-interest with a high resolution sufficient to acquire quantitative
information related to distribution and concentration of functional molecules therein. Also the step of
delivering pulsed optical energy may be performed at multiple wavelengths of light, whether in
sequence or toggling.

Provided herein is a dual- or multi-modality three-dimensional (3D) tomography or imaging
system that comprises laser optoacoustic tomography (OAT) and laser ultrasound tomography (UST).
This three-dimensional tomography system provides comprehensive biomedical information about a
portion of the subject body under examination. More specifically, the system employs principles of
laser ultrasound and laser optoacoustic imaging to reconstruct three-dimensional distributions
showing anatomical structures of a portion of the subject body under examination, molecular
composition and distribution of functionally important molecules in biological tissues of the subject
body. All tomographic images are correlated and spatially coregistered. For dynamic processes that
change over time, temporal coregistration can be obtained so that anatomical and molecular images
can be superimposed at a given time. Furthermore, optoacoustic images of the outline of the subject
body, i.e., the skin, are used to inform more accurate reconstruction of ultrasonic images, and the
ultrasonic images in turn, inform more accurate reconstruction of optoacoustic images of the
volumetric distributions of molecules of interest.

The instant invention describes the full set of properties of the layers of the materials for the
most effective generation of ultrawide-band ultrasound with laser pulses, not discussed in the prior
art. They are a very small thickness of the layer of the laser illuminated material measured in
microns, a very strong optical absorption of a selected laser wavelength so that sufficient optical

energy can be absorbed even within the very small thickness of the layer, and a large thermo-
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2 *
c
acoustic efficiency parameter F=0—, for the material of the illuminated layer or large
P

thermoacoustic efficiency (often called Gruneisen parameter) of the medium surrounding the laser-
illuminated layer. The large ' can be achieved through a large thermoelastic expansion coefficient,
B, and fast (high) speed of sound, and small heat capacity. These properties must be combined in
one design to achieve maximum efficiency.

This invention provides a three dimensional tomography system that acquires and displays
comprehensive volumetric information about biomedical object of interest, for example, tissue, cells,
subject body or organ, with high contrast and high resolution. The depth at which this information can
be obtained under optimal imaging conditions is up to 6-7 cm, which is significantly greater than the
depth of pure optical imaging with similar resolution. With this depth of imaging, biomedical objects
such as human breast as large as 14 cm can be visualized. The information that can be obtained
from LOUIS images includes anatomical, i.e., structural or morphological, information and functional
information about hemoglobin distribution in blood and the level of oxygenation in the hemoglobin.
LOUIS also can provide images of biomedical objects with molecular specificity, i.e. images of
distribution of molecules of interest.

If these molecules do not have sufficient intrinsic optical absorption in the wavelength range
of laser pulses utilized in LOUIS, then contrast agents targeted to those molecules through specific
molecular probes or other high affinity vectors can be used. LOUIS contrast agents are molecules,
nanoparticles, nanobubbles or combination thereof. The optoacoustic ultrasonic contrast agents are
in general those probes that have high optical absorption and/or utilize high thermoacoustic efficiency
and/or have strong capability to scatter, reflect or absorb ultrasonic waves or change speed of sound
in the said biomedical object or any substance or structure that can be used to enhance contrast of
LOUIS images.

Ultrasound pulses for 3D biomedical imaging can be generated by short laser pulses, which
gives significant advantages to the system performance and image contrast and resolution.
Specifically, a special ultrasound generating medium, which under illumination of a short laser pulse
produces clean smooth short non-reverberating pulses of ultrasound, is utilized. This produces either
monopolar pressure pulses (so called Delta pulses of ultrasound (6)) or bipolar pressure pulses, if an
application requires such pulses. Short nonreverberating ultrasound pulses produced by laser pulses
or by pulses of electromagnetic energy, in general, will results in greater resolution and contrast of 3D
ultrasonic images. For example, a standard piezoelectrically generated ultrasound pulse has 3-4
reverberations, so if produced with 12 MHz central frequency will have envelope frequency 3-4 MHz
effectively.

Therefore, the axial resolution of ultrasonic images is defined by the frequency of an envelope
of that reverberating ultrasonic pulse and be at least 3-4 times lower than that of 3D ultrasound image
produced with laser pulses. Short nhanosecond laser pulses can generate pulses of ultrawide-band
ultrasound with frequencies from low (tens of kHz) to high (tens of MHz). These ultrawide-band

ultrasound pulses are very beneficial for ultrasound imaging since they is effectively scattered and
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attenuated by variety of biomedical object structures (large such as tumors or large vessels to small
such as microvessels to microscopic such as cells and even subcellular components. Biomedical
objects (tissue and cells) can absorb and scatter certain frequencies of ultrasound while other
frequencies can pass said objects undistorted. Therefore, spectroscopic analysis of laser ultrasonic
signals in terms of their frequency spectra can reveal useful diagnostic information. Three
dimensional images obtained with laser ultrasound such as the image ultrasound attenuation, the
image of ultrasound scattering/deflection and the image of distribution of ultrasound velocity (most
frequently called speed of sound) are also very rich of information that can be used by physicians and
biomedical researchers for characterization and differentiation of biomedical objects (tissues, cells,
organs etc).

LOUIS utilizes short nanosecond laser pulses for generation of short pressure pulses which
propagate as ultrawide-band ultrasound in biomedical objects. LOUIS operates in two modes, Laser
Ultrasonic and Laser Optoacoustic. Images of both modes can be fully coregistered, correlated and
superimposed since they are collected with one and the same set or array of ultrasonic transducer
detectors. In general, LOUIS can utilize illumination with any optical wavelength or even any
wavelength of electromagnetic energy and any sequence or duration of pulses of said
electromagnetic energy. But short, about 1 ns to about 20 ns laser pulses in the near-infrared spectral
ranging from about 650 nm to about 1250 nm are preferred for imaging with LOUIS.

In the laser ultrasonic mode, the laser pulses illuminate a special medium placed outside of
the biomedical object of interest, so that these short pulses of ultrasound enter the biomedical object
of interest, propagate through the object of interest and interact with the ultrasonic transducers for
purposes of their detection. A laser wavelength selected for generation of laser ultrasound pulses is
usually chosen to be strongly absorbed in the external special medium and then effectively converted
into heat and pressure, with high-pressure generation efficiency being the ultimate goal. The
detected ultrasonic pulses represent electronic signals that, after signal processing, e.g., filtering,
conditioning, analysis etc., are used for further reconstruction of volumetric ultrasonic images using
mathematical algorithms. LOUIS can be used to reconstruct at least three types of ultrasonic images:
the image of the speed of sound, the image of ultrasonic attenuation and the image of ultrasonic
reflection (deflection, scattering).

In the laser optoacoustic mode the laser pulses illuminate the biomedical object of interest
itself, propagate through the object and interact with the object of interest, so that the energy of these
optical pulses can be absorbed by its components and constituents and converted into heat and
simultaneously thermal pressure, which then propagates as ultrasound and interacts with said
ultrasonic transducers for purposes of their detection. The wavelength of the laser pulses is selected
to propagate to a desirable depth in the object, e.g., tissue, and become preferentially absorbed by
specific molecular constituents of interest: hemoglobin, oxyhemoglobin, water, lipids, melanin and
other endogenous molecules of interest or exogenous molecules or particles or probes of exogenous
contrast agent.

The detected ultrawide-band ultrasonic pulses represent electronic signals, which after signal

processing, i.e., analysis, filtering, conditioning, etc, are used for further reconstruction of volumetric
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optoacoustic images using mathematical algorithms. The optoacoustic images represent distribution
of absorbed optical energy at a selected wavelength or a collection of multiple wavelengths, and after
normalization to distribution of the optical fluence can represent distribution of the optical absorption
coefficient in the biomedical object. After image post-processing the optoacoustic images can be
converted into a number of quantitative volumetric images, including, but not limited to. the following
five types: the image of the total hemoglobin (THb), the image of hemoglobin oxygenation (502), the
image of water distribution (H20), and the image lipid/fat distribution (Lipid) and the molecular image
of distribution of a specific molecule of interest.

In order to transmit ultrasonic and laser (optical) pulses to the biomedical object, then detect
ultrasonic (acoustic pressure) pulses from the object and reconstruct the laser ultrasound and laser
optoacoustic images using LOUIS, usually a coupling medium is required. For better image quality
the following properties of the coupling medium is desired: good optical transparency in the
wavelength range of laser pulses used for illumination, good ultrasonic acoustic transparency in the
frequency range of ultrawide-band ultrasonic pulses used for imaging, good matching of the optical
refraction index to the tissue of the biomedical object and good acoustic impedance matching to the
tissue of said biomedical object. In addition, it will help to image deeper and with less noise and
artifacts, if the coupling agent makes the tissue of the biomedical object optically clear. Skin clearing
media have been proposed and developed for increased optical transparency of skin for better quality
of optical images. However, as disclosed herein, optical clearing agents can improve quality, fidelity
and contrast of laser optoacoustic images and laser ultrasonic images.

Many types of lasers and other pulsed sources of electromagnetic energy can be used for
LOUIS. The most preferred lasers are those tunable in the near-infrared spectral range and
simultaneously robust for biomedical applications, such as Nd:YAG pumped Ti:Sapphire laser and
solid state diode laser matrices.

The ultrasonic transducers (detectors) can be made of various materials and utilize various
technologies. The preferred materials include polymers, crystals, ceramics, and composites. The
types of ultrasound (pressure) detectors include piezoelectric transducers, capacitive micromachined
ultrasonic transducers (CMUT), optical beam deflection transducers, fiberoptic sensors, optical
interferometers and microphones. The most preferred detectors for LOUIS are those that possess
higher sensitivity and simultaneously can detect ultrasound within an ultrawide band of ultrasonic
frequencies.

Signal processing in LOUIS includes analysis of signal profiles, signal amplitudes and
spectrum of signal frequencies. Spectra, e.g., Fourier spectra, of laser ultrasound signals propagated
through the biomedical object can be analyzed to reveal properties of tissues important for biomedical
diagnostics. Such spectra of laser optoacoustic signals generated by optically induced acoustic
sources within the biomedical object and propagated through the biomedical object also can be
analyzed to reveal properties of tissues important for biomedical diagnostics.

Analysis of noise in the system can help to filter the noise and improve contrast of images.
Whether the noise is white and noncorrelated or the noise is correlated between various detectors or

transducers or transducer positions around the object, mathematical methods exist and can be
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chosen to provide the best filtering of the signals from noise. In general, signal processing for LOUIS
is designed to reverse the so called system transfer function, i.e. all distortions that introduced into the
detected ultrasonic signals by the system components, such as lasers, detectors and analog and
digital electronics. The goal is to obtain electronic signals with properties as close as possible to the
intrinsic pressure or ultrasound signals.

One specific method of signal processing is preferred due to the accuracy of quantitative
information provided by the volumetric optoacoustic images. This method provides for volumetric
image reconstruction based on signal deconvolution using the Curvelet transform, a two-dimensional
wavelet transform, known in the art, for filtering optoacoustic and ultrasonic signals. The most
desirable property of wavelets is their capability to filter signals simultaneously in time and frequency
domains, thus providing great separation of useful signals and noise that appear in the same
frequency range. Thus provided herein is an algorithm for laser ultrasonic and laser optoacoustic
image reconstruction in 3D using the Curvelet deconvolution method. Also provided are algorithms
aimed at total variance minimization that can be beneficial for laser ultrasound and laser optoacoustic
tomography.

Three dimensional tomography images are much more quantitatively accurate compared with
two-dimensional images due to collection of complete sets of data and to rigorous reconstruction
algorithms based on information about the object collected from various angles and positions in the
3D space. The ultimate image would be a 3D image obtained in real time, i.e. obtained within such a
short period of time when important biomedical conditions of the object of interest could not change.
Typically, acquisition of 10-30 images per second in biomedical applications is sufficient to be
considered as real-time monitoring. One image per second also is acceptable for monitoring kinetics
and dynamics of biological processes. So, the most important are designs in which data are collected
rapidly, while image reconstruction can be done later. Alternatively, image reconstruction in real time
brings practical convenience in biomedical imaging, allowing the doctor to make an immediate
decision in the presence of a patient. Thus, the present invention provides reconstruction of laser
ultrasonic and laser optoacoustic images with hardware and algorithms operating in real time with the
use of the modern and advanced computer power capabilities. Field Programmable Gate Arrays
(FPGA) microprocessors are most effective for signal processing, Graphical (multicore) processor
units (GPU) are most effective for image reconstruction, while the Central Processing Unit (CPU) of a
computer is the most effective for display of images and system controls.

Thus, LOUIS has multiple biomedical applications including but not limited to, cancer
detection or screening, including detection of cancer in the lymph nodes and metastatic tumors,
cancer diagnostics, monitoring effects of anticancer therapy and aggressiveness of a cancer,
detection and characterization of vascular diseases, such as, cardiovascular disease, stroke,
peripheral vascular disease, diseases that result in the damage of microvasculature, e.g., diabetes,
atherosclerosis, monitoring circulation and its functions, anatomical, functional and molecular
characterization of various tissues and health conditions, functional imaging of blood distribution and
its oxygen saturation levels. Other biomedical applications include molecular imaging of various

molecular targets of diseases and otherwise abnormal tissues, monitoring kinetics of drug
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distributions and biodistribution of nanoparticles and other contrast agents, monitoring physiological
and pathological processes in the animal or human subject body, monitoring trauma, burns and
otherwise damaged tissues and the process of its recovery after treatment.

Particularly, the combined imaging system comprises the following advantages:

LOUIS - combined 3D optoacoustic/ultrasonic imager

Laser optoacoustic ultrasonic imaging system is a 3D tomography system for the
comprehensive characterization of biomedical objects. The 3D tomography system creates a
spherical surface of virtual transducers by rotation of an arc-shaped ultrasonic array around the object
of interest with computer-controlled illumination from multiple positions, which permits the most
beneficial distribution of light in the object. The time of the entire 3D image acquisition can be as
short a few seconds, but may be extended for several minutes for the benefit of image quality in the
object has low contrast. The LOUIS system components comprise electronics hardware, firmware,
software and custom designed wavelength tunable lasers. One laser has relatively low pulse energy
of about 0.1 to about 2 mJ, and a high repetition rate of laser pulses (1-5 kHz) used to generate
ultrasound pulses outside the subject body under examination. The second laser has much higher
pulse energy, up to 250 mJ, a relatively low repetition rate (10-20 Hz) and a wavelength tunable in the
near-infrared spectral rage, with capability to electronically switch or toggle the illumination

wavelengths, for example, 1064/800 nm, 1064/757 nm, for functional optoacoustic imaging.

Use of laser-induced ultrasound for UST

Conventional electrical generation of ultrasound was replaced with laser-induced ultrasound
(LU) for transmitting short ultrasound pulses to the breast and thereby achieving three-fold improved
UST image resolution and greater sensitivity. LU is emitted by a thin layer of black PDMS or,
alternatively, PMMA filled with absorbers polymer embedded with highly concentrated absorbers.
Strong absorbers are, but not limited to, carbon nanotubes, strongly absorbing in the near-infrared
and having high thermal expansion coefficient. This thin layer is illuminated by pencil beams of short
(8 ns) laser pulses from Nd:YAG laser. To decrease the data acquisition time for laser ultrasound
imaging, a diode laser can be used with pulse repetition rate of about 1-5 KHz, pulse energy of about
1-2 mJ and pulse duration of 1-3 ns. As a result of strong optical absorption thermal pressure is
generated by point sources resulting in spherical ultrasonic waves with ultrawide bandwidth from
about 50 KHz to about 30 MHz. The first application of LU was performed in phantoms to obtain fully
3D UST images.

Novel optoacoustic/ultrasonic transducer array as LOUIS imaging probe

Current commercial medical ultrasonic transducers provide spatial resolution two-three times
lower than potentially attainable with a given ultrasound frequency. The invented new technology of
ultra-wide band transducers we teach here improves sensitivity to enable the optoacoustic imaging of
tumors at significant depth up to 6-7 cm, i.e. through large biomedical objects such as entire breast,
and also improves resolution of ultrasound images. With novel transducer materials employed in our

probes we achieved a very challenging goal: increase sensitivity of detection and simultaneously
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increase the detection bandwidth.

Advanced 3D image reconstruction methods

New image reconstruction algorithms are developed and implemented for forming images
that depict the distribution of the absorbed optical energy density within biomedical objects (live
tissues), which can reveal the location of cancerous lesions or other abnormalities that have elevated
blood content. Both analytic and iterative reconstruction algorithms are developed and quantitatively
evaluated for performance. These algorithms compensate for important physical factors such as the
impulse response of the transducer, stochastic and acoustic noise, and finite sampling effects.

|. Dual mode image reconstruction and coreqistration of 3D UST with 3D OAT

In addition to recording optoacoustic signals for use in OAT, the developed 3D imager
(LOUIS) is capable of operating in 3D laser UST mode. This enables a novel 3-step method for
image reconstruction and processing, which results in significantly higher contrast and resolution of
coregistered images. At the first step, we acquire data is acquired and an optoacoustic image or
ultrasonic image of the outline of the subject body part under examination is reconstructed. This
permits accurate separation of the two domains: subject body part under examination and
surrounding volume of the coupling agent. At the second step, data are acquired and image
reconstruction methods are implemented for forming images that depict the 3D speed-of-sound
(SOS), attenuation, and reflectivity distributions in the portion of the subject body under examination,
outlined and defined on the image obtained in the first step.

Therefore, the image of the first step informs a more accurate reconstruction of the image
obtained in the second step. At the third step, a volumetric optoacoustic image of the subject body
under examination is acquired and reconstructed using information contained in the image obtained in
step 2. For example, an image of the speed of sound distribution can be used to correct the time of
arrival of optoacoustic signals and thus reconstruct more accurate optoacoustic images. In general,
the image providing anatomical/structural information can inform more accurate reconstruction of
optoacoustic or functional images. The two types of images (anatomical and functional) are
complementary. This is achieved by developing specialized image reconstruction algorithms that
utilize boundary conditions and regularization constrains determined from images reconstructed in the
previous step.

Preferably, the combined imaging system comprises the physical structure, methods utilized

during imaging and the hardware, software and algorithms described below.

Dual-modality laser optoacoustic/ultrasonic 3D tomography imager

The design of the imaging module (see Figs. 3A-3B) and its components improves, extends
and significantly enhances of previously developed preclinical 3D OAT imager (21). The imaging
module provided herein, contains a 128 element ultrasound detector array and 7 optical fiber bundles,
4 of which are used for optical illumination of the biomedical object inside the module and its
optoacoustic imaging, and 3 of which are coated with a thin absorbing polymer layer to generate laser

ultrasound and acquire different types of ultrasound images (speed of sound, ultrasonic attenuation
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and ultrasound scattering. This unique design enables three different types of measurements to be
acquired during a single imaging study: 1) optoacoustic signals for OAT image reconstruction at
different laser wavelengths; 2) deflected or backscattered ultrasound for reconstruction of ultrasonic
reflectivity maps; and 3) transmission ultrasound for reconstruction of ultrasonic SOS and attenuation
maps. The entire imaging module will rotate in order to collect tomographic measurements that are
sufficient for accurate image reconstruction.

The ultrasound array is arc-shaped with radius of 70 mm and angular aperture of 150 deg.
The remaining 30 deg opening is used for suspending the biomedical object, such as a breast in
prone downward position or a whole small animal. The probe has 128 transducers with lateral
dimensions of 1.3 mm x 1.3 mm and a pitch of 1.4 mm. The transducers are sensitivite within an
ultrawide band of ultrasonic frequencies from 100 KHz to 10 MHz and exceptionally sensitive in
allowing detection of 1 Pa pressure with signal-to-noise (SNR) of 2.

Another novel component of the imaging system is the use of laser-produced ultrasound (LU)
for insonifying the breast, as opposed to traditional electrically produced ultrasound (31). LU is
emitted by a thin layer of PMMA polymer with embedded highly concentrated absorbers, for example,
carbon nanotubes, strongly absorbing in the near-infrared and having high thermal expansion
coefficient. This thin layer is illuminated by pencil beams of short (8 ns) laser pulses from Nd:YAG
laser. As a result of strong optical absorption, thermal pressure is generated by point sources
resulting in spherical ultrasonic waves with ultrawide bandwidth from ~50 KHz to about 30 MHz. The
ultrasonic pulse replicates the shape of the laser pulse, which is smooth and short and has no
reverberations typical of electrically generated ultrasound. Of course, very high frequencies above 12
MHz can be lost in propagation through tissues, but 12 MHz pulse without reverberations will produce
ultrasound resolution equivalent of reverberating 30-35 MHz pulses.

There are three main advantages of employing Laser Ultrasound (LU) as opposed to
electrically (transducer) produced in the dual- or multi-modality imager: 1) better spatial resolution, 2)
better contrast / sensitivity, 3) simpler and low noise electronics, that is no transmit/receive switches.
Image spatial resolution can be superior because LU produces clean, smooth short pulses of
ultrasound, not the typical reverberating pulses of electrically generated ultrasound, which needs to
be enveloped for imaging purposes. Image contrast can be enhanced because LU pulses have
relatively high intensities and minimum background noise. The system electronics are simplified
because they are only used for read-out. This circumvents the need to emit 200 V pulses and then
quickly detect microVolt signals. Transmit/receive switches are the main source of noise in the
conventional ultrasound systems. For example, a supersensitive amplifier sitting next to a super
powerful emitter-amplifier can easily be saturated with noise.

Provided herein are examples of LOUIS images of a whole mouse subject body (see FIGS.
11A-11B). It was demonstrated previously that soft tissue organs, spine, ribs and joints, vasculature
or microvasculature can be clearly visualized (21). Microvasculature as small as 50 micron was
visualized, even though spatial resolution of the instant system is about an order of magnitude lower.

Thus, the present invention demonstrates the feasibility of a 3D tomographic system design

for performing dual-mode laser optoacoustic and laser ultrasonic tomography. LOUIS tomography
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system creates a spherical surface of virtual transducers by rotation of an arc-shaped ultrasonic array
around the object of biomedical interest with computer-controlled illumination from multiple positions,
which permits the most beneficial distribution of light in the object. For performing ultrasound
tomography, conventional electrical generation of ultrasound for object insonification is replaced with
laser-produced ultrasound, thereby, resulting in a three-fold improvement in image resolution. The
system development includes electronics hardware, firmware, software and custom design a multi-
wavelength tunable laser that enables the capability to electronically switch or toggle the illumination
colors, e.g., 1064 nm and one NIR wavelengths in the range from 730 to 850 nm, for optoacoustic
imaging. This permits differential imaging of various chromophores, such as hypoxic and oxygenated
blood.

OAT image reconstruction algorithms are implemented in LOUIS for forming images that
depict the distribution of the absorbed optical energy density within biomedical object, which can
reveal the location of abnormal tissues such as cancerous lesions that have elevated blood content.
Both analytic and iterative reconstruction algorithms are developed and quantitatively evaluated (see
below detailed description of math physics algorithms). These algorithms compensate for important
physical factors such as the response of the transducer, stochastic and acoustic noise, and finite
sampling effects.

Laser ultrasound tomography utilizes our image reconstruction methods for forming images
that depict the 3D speed-of-sound (SOS), ultrasound attenuation coefficient, and reflectivity
distributions of biomedical object or organ tissue. These images provide structural information that is
complementary to the functional (blood content and oxygenation) information conveyed by the OAT
images. Moreover, we teach that the reconstructed SOS and attenuation maps can be utilized to
further improve the accuracy of the reconstructed OAT images. This can be achieved through
specialized OAT reconstruction algorithms that compensate for variations in the SOS and attenuation

distributions.

Computer Modeling

Imager development is based on a comprehensive computer model of 3D OAT and UST.
This model includes the following components: 1) calculation of the distribution of absorbed optical
energy exponentially decreasing in depth of the breast (32-34), 2) generation of optoacoustic signals,
3) generation of LU for UST imaging, and 4) calculation of profiles of detected signals taking into
account the geometry of each transducer element, i.e., directivity diagram of each element, and
sensitivity of piezoelectric detectors as a function of the ultrasonic frequency, i.e., effect of bandwidth
(29). Computer-software has been developed previously by the inventors that is utilized for
establishing a comprehensive physics-based model of the imager. The hardware design is
conducted concurrently with the designs of the image reconstruction algorithms described below, so
that they can be informed and refined jointly. The image quality measures used to guide the system

refinements are described below.
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I. OAT detection-sensitivity

The sensitivity of optoacoustic detection depends on the product of 4 parameters: the
effective optical fluence acting on the tumor, the optical absorption coefficient of the tumor, the
thermoacoustic efficiency T, i.e. the ability of tissue to convert light into ultrasound, and the sensitivity
of the piezoelectric transducer (35). Using the experimentally measured sensitivity of our new
transducers, about 15 microVolt/Pa, and optical properties of breast tumors and normal tissue
previously obtained, one can calculate minimal detectable blood content in a tumor with defined
dimensions and depth from the illuminated surface (36). Based on this calculation, the imager is
capable of detecting not only tumors with dimensions of about 10 mm regularly found by
mammography screening, but also early tumors having a very small size of 3 mm. While the
detection sensitivity will degrade with depth, those very small tumors may be detected at a depth of 6-
7 cm depending on the density of tumor angiogenesis, which in turn defines optical absorption of the
tumors (37-39).

II. OAT imaging depth

The anticipated imaging depth of OAT in the breast is about 6 cm for typical 10 mm tumors

and about 8 cm for blood vessels dependent on the Hb concentration and their dimensions, i.e.
comparable with the imaging depth of high-resolution (12 MHz) breast B-mode ultrasound. Even
though breast tumors statistically occur most frequently at the depth of 1-3 cm, herein the maximum
depth of detection is about 6 cm due to infrequent occurrence of deep tumors in very large breasts.
Having effective optical attenuation in tissue of about 3 times per cm of depth, the optical fluence is
attenuated about 729 times before it can reach 6 cm depth. However, system electronics described
herein is designed with a dynamic range of 14 bits, which permits simultaneous detection of
maximum signals and signal attenuated more than 4 orders of magnitude. Furthermore,
ultrasensitive transducers provided herein can detect pressure levels of about 1 Pa with signal-to-
noise ratio of about 2 (40,41). A 2 Pa pressure can be detected from a ~1-mm object, e.g. a blood
vessel, with the optical absorption coefficient of 10/cm located at the depth of 8 cm from the breast

tissue surface illuminated with a near-infrared laser pulse having safe optical fluence of 20 mJ/cm?

(8).

Ill. Spatial resolution for OAT and UST

Previously, microvessels as small as 50 micron were visualized in a preliminary design of

LOUIS animal imager (21), even though spatial resolution of that system was about an order of
magnitude lower. The spatial resolution of the OAT images can be spatially variant, being worse at
locations that are near the measurement transducer (6,23). The worst spatial resolution for the OAT
image, as measured by the FWHM of a point-source response (42), is 0.5 mm. The resolution of the
reflectivity UST image is limited by half the effective wavelength, which results in spatial resolution
significantly better than 0.5 mm. The resolution of the SOS and attenuation UST images is largely
limited by the density of transmit-receive pairs (i.e., number of tomographic views) and the efficacy of

the image reconstruction algorithms. An approximately isotropic spatial resolution of < 1mm is
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presently demonstrated for LU part of LOUIS (see FIG. 8B).

IV. UST reconstruction accuracy

Using well-calibrated phantoms enabled reconstruction of the ultrasonic SOS and attenuation
distributions of subcutaneous fat, glandular tissue, and tumor tissue to within 0.2% of their known
values. Similar tolerances have been reported in studies of breast UST (13,17,18). The ultrasonic
reflectivity image is typically used to reveal tissue interfaces only. LOUIS is capable of detecting not

only boundaries but also volumes of structures within the biomedical objects.

V. Data-acquisition and image reconstruction speeds

The acquisition speed for a full set data with a rotating arc-shaped probe is about 3 minutes
and multi-modality data acquisition time to less than a minute with the increased sensitivity of the
novel transducers and reduced number of averaged signals. The time for full 3D OAT image
reconstruction, using a filtered backprojection algorithm, with resolution of 500 micron is reduced in
the present LOUIS software relative to earlier version to about 15-30 sec, depending on the total
number of voxels within the reconstructed volume, with application of the reconstruction software
based on CUDA code and multi-core graphics processing units (GPUs). Fully 3D image
reconstruction of the UST images is accelerated using GPUs with an initial accomplishment of

reconstructing images in < 10 min.

LOUIS Imager Hardware

|. Transducer array

The optoacoustic/ultrasonic transducer array provided herein is the primary basis for novelty
of the LOUIS imaging module. This critically important system component for hybrid dual-modality
imaging must satisfy a number of requirements. The optoacoustic signhals contain acoustic
frequencies ranging from about 200 kHz to 12 MHz, depending on dimensions of tissue optical
heterogeneities in the breast and the laser pulse duration (40). Such ultrasonic waves propagate in
tissues with attenuation that may be accounted for and deliver spatially resolved information to the
surface of tissue where they can be detected and used for image reconstruction (9). However,
undistorted detection of ultrasound comprising such a wide frequency range requires acoustic
transducers with an exceptionally wide bandwidth (43-45).

Ideally, an optoacoustic transducer is sensitive to the entire range of acoustic frequencies to
detect the small and large tissue structures with resolution of <0.5 mm sufficient for biomedical
imaging applications in the depth of tissue. Therefore, new piezoelectric materials are incorporated
into the design of the transducer arrays that is part of a specially developed clinical probe. The
composition of the piezoelectric material and the design of a matching front layer and backing
material plays a major role in determining the bandwidth of the probe. Extensive preliminary tests
were performed with two different piezoelectric materials: single crystal PZT ceramics, lead
metaniobate-titanate (PMN-PT), modified lead titanate (MPT) as part of 1-3 composites. Results

demonstrated significant widening of the bandwidth and absence of reverberations in the novel
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transducers relative to commercial ultrasonic transducers.

Il. Patient bed and imaging module for breast imaging

A patient table is constructed that contains an imaging module mounted underneath. The
patient lies in the prone position on the examination table with the breast suspended through an
opening into an imaging module. In order to minimize motions of the breast in the imaging module, we
design an inflatable ring balloon that shapes the breast closer to its natural spherical shape. The
height of the table is approximately 45 in, which allows the system operator to visually position the
breast within the imaging probe while being seated. No compression is required and the breast is
centered in the center of the imaging tank by minor movement of the patient. The imaging tank is
filled with warm clean water and appropriate plumbing is included in the design to permit rapid

changing of the tank water.

Ill. Electronics, firmware, rotation stage

The system electronics and computer controls in LOUIS are all upgraded from a prior OAT
imager to minimize electronic noises. The rotation stage mechanism is essentially different to the one
used in our preclinical imager and it provides more accuracy and capability to perform series of scans

in clockwise and anticlockwise directions without loss of home position.

Methods

|. Robust OAT image reconstruction methods

In this component of LOUIS, OAT image reconstruction methods are developed,
implemented, and optimized for forming images that depict the 3D distribution of the absorbed optical
energy density within breast tissue by use of measurement data recorded by the imager. Two classes
of reconstruction methods are developed that permit different trade-offs between data-acquisition time

and image reconstruction time.

Il. Data-restoration methods for use with analytic reconstruction methods

Analytic OAT reconstruction algorithms, such as filtered backprojection (FBP) algorithms (46),
form an image by numerically computing a closed-form mathematical formula. Such methods can be
computationally efficient and yield relatively short accelerated reconstruction times, for example, < 1
min for a volumetric image. However, they typically require a densely sampled tomographic data set
to be acquired, which can extend data-acquisition times. Another shortcoming is that they are based
on idealized models that do not compensate for noise, the instrument response, and other
complicating factors related to the imaging physics.

The effectiveness of the computationally efficient 3D FBP algorithms was improved by
developing novel methods for pre-processing the measured multi-dimensional optoacoustic signals
prior to image reconstruction. This process is analogous to what is called “sinogram restoration” in
the X-ray CT community. This method has never been utilized for optoacoustic and laser ultrasonic

imaging. Specifically, robust methods inspired by compressive sampling theory are developed to
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compensate for the effects of the transducer impulse response and thermoelectrical noise in the
measured data. Methods for estimating missing data also are developed, which require less data to
be acquired and result in shortened the total imaging times. After the measured data have been pre-
processed, a computationally efficient 3D FBP algorithm is employed for quantitative image
reconstruction. The methods that are employed for achieving this are summarized below.

Ill. Sparsity-reqularized data restoration

An ultrasonic transducer’'s electromechanical impulse response (EIR) describes how its
electro-acoustical properties degrade the recorded pressure data (47). In order to reconstruct an
image that accurately depicts the absorbed optical energy density in OAT, the effect of the EIR on the
measured optoacoustic signals must be accounted for. A robust method for measurement denoising
and deconvolution of the EIR in OAT has been designed. This method decovolves the EIR by solving

the following constrained optimization problem:

o= argmin”oz“1 subject to ”p - HC‘loz”2 <¢ (1).

Here, & is the vector of expansion coefficients that correspond to the pressure data p = C"la, c”
is the synthesis operator that relates the 3D pressure signal (two spatial coordinates plus time) to the

expansion coefficients, and H is an operator that describes a 1D temporal blurring of the pressure

data due to the EIR. The parameter € describes the noise level in the measured optoacoustic
signals. The final estimate of the deconvolved pressure data is obtained as p = C'a. The

expansion functions used to represent the pressure data, which determines the explicit form for the

-1
operator C™, are chosen such that expansion coefficient vector o = Cp is sparse. Such expansion

functions include curvelets. Although curvelet transform is known from the prior art (48), the method
has not been developed before now for optoacoustic image reconstruction. Efficient and numerically
robust algorithmic realizations of Eq. (1) are herein developed and optimized. Methods for estimating
missing measurements of the pressure wavefield is developed by use of a generalization of Eq. (1)
that has proven effective for a similar application in geophysical imaging (49).

This represents a fundamentally different approach for deconvolving the EIR in OAT.
Specifically, the method is distinct from existing methods used in OAT in that it exploits sparsity of the
pressure data in a suitably defined transform domain, and exploits the fact that the pressure signal
produced by an optical absorber will yield a continuous wavefront in the measured data space.
Similar methods have been employed for processing geophysical data (49) with great success.
Results of this method using our new LOUIS imager are displayed in FIG. 19B. Use of the proposed
method resulted in dramatically improved visibility of the blood-filled vessels and positive-valued pixel

values that were proportional to the absorbed optical energy density within the tissue.

1IV. 3D iterative OAT reconstruction methods

The data restoration methods discussed supra facilitate accurate analytic image
reconstruction. However, it is contemplated that iterative OAT reconstruction algorithms can improve

diagnostic image quality for breast imaging applications. lterative reconstruction algorithms offer the
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possibility to compensate for noise, instrument response, and other complicating factors related to the
imaging physics. Iterative algorithms can mitigate data incompleteness, thereby permitting reduced
data-acquisition times, but are more computationally burdensome than analytic methods, such as the
FBP algorithm. An FBP algorithm is utilized to reconstruct an initial image for rapid viewing, while an
iterative algorithm is utilized to reconstruct an improve image off-line for viewing at a later time (see
FIGS. 20A-20B).

V. Limited data image reconstruction

Iterative image reconstruction methods were developed based on constrained total-variation
(TV) minimization (50). The idea of constrained TV-minimization has proven useful in the field of
compressive sensing, and is effective when there exists some sparse representation of the object.
Iterative reconstruction algorithms for tomography that operate via Li-norm minzimization of the total
variation (TV) of the object, subject to data consistency and object positivity constraints were
examined. These results suggest that for certain classes of objects our reconstruction algorithms
based on TV-minimization can significantly outperform conventional iterative algorithms, yielding
informative images even when the measured data are highly incomplete. Other image reconstruction
methods (51) inspired by compressive sampling are also adapted and explored for 3D OAT as
described below. The developed algorithms compensate for the transducer EIR and also for the finite
detection area of the transducer. The inventors have developed a methodology for modeling the

response of an ultrasound transducer in iterative image reconstruction (29).

VI. Implementation on graphics processing units (GPUs)

Because fully 3D iterative OAT image reconstruction can be computationally demanding, it is
necessary to implement the developed algorithms using GPUs. Our team has specific expertise in
the implementation of OAT image reconstruction algorithms using the NVidia CUDA programming
environment. To demonstrate the speed-up factors that can be obtained, a preliminary study was
conducted using an 8-core Intel Xeon processor workstation clocked at 2.40 GHz equipped with 48G
memory and one NVIDIA Tesla C2050 GPU card with compute capability 2.0. An OAT experiment
was simulated in which 360 transducers were evenly distributed on a measurement circle with 20 cm
radius, and each transducer collected 256 samples at ZMHz sampling rate. A 2D numerical phantom
(256 x 256) was employed to represent the optical absorption distribution. Image reconstruction was
performed by minimizing a least-squares cost function using a conjugate gradient method. The run
time of the GPU code was 30 seconds while our CPU code took 1755 seconds to complete the
reconstruction, resulting in a speed-up factor of approximately 60 for the GPU-based code. The
cross-correlation of the two images was computed to be 0.9997, indicating that there was not a
significant loss of accuracy by use of the GPU-based code. Our experience in this area permitted us
to develop computationally feasible 3D reconstruction algorithms that facilitate their clinical

applications.
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VIl. 3D UST and UST-quided OAT image reconstruction methods

3D UST image reconstruction methods are established for use with the developed multi-

modal imager. Specialized UST-guided OAT reconstruction algorithms that compensate for variations

in the SOS and attenuation properties of breast tissues were developed and implemented.

VIll. Reconstruction methods for sparse-array 3D ultrasound tomography

Reconstruction methods are developed to form accurate images of the 3D acoustic properties
of the breast. As described below, methods are developed for reconstructing images of three
complementary breast properties: SOS, acoustic attenuation, and reflectivity. These 3D images
provide a comprehensive description of breast anatomy that is complementary to the functional
information revealed by the OAT image. These reconstruction methods account for problems that
include mitigation of data incompleteness and noise and computationally tractably modeling of the
relevant wave physics.

A. Reconstruction of SOS distribution

Algorithms are developed for reconstructing the 3D SOS distribution the breast from
knowledge of time-of-flight (TOF) measurements of the transmission ultrasound signals. Geometrical
acoustic-based ray theory is utilized to establish a non-linear model that relates the measured TOF
values to 3D SOS distribution as

1
TOF (r,r,) =fL%dr ),

where TOF (r,,r,) is the TOF measured between source location r, and detector position 7,, c(r)
is the sought after SOS distribution, and L = L(r,,r,;c(r)) is the curved path traveled by the acoustic
wave (that also depends on ¢(r)). For a given ¢(r), the Eikonal equation (52) is solved numerically
to determine the ray path L. An iterative reconstruction method is developed for inverting Eq. (2) that
alternatively updates the estimates of ¢(r) and L and minimizes a regularized cost function to obtain
the final estimate of ¢(r). It is contemplated that further development of algorithms can be guided by

bent-ray ultrasound tomography that has shown promise in pre-clinical studies (16,17).

B. Reconstruction of attenuation distribution

Algorithms are developed for reconstructing the 3D acoustic attenuation distribution of the
breast from transmission measurements. Accurate reconstruction of the acoustic attenuation
requires knowledge of the SOS map and is therefore be conducted after the SOS map is determined
using the methods described above. Given that the SOS map is known, a linear imaging model is

obtained as
a(rs,rd)=ﬂoc0(r)dr (3),
where L = L(r,r,;c(r)) denote the same ray paths as determined from the last iteration of the

alternating SOS reconstruction described above, and a,(r) is a acoustic attenuation coefficient (31).

The data function a(r,,r,) is determined as an energy ratio between the measured transmission
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acoustic signal and the corresponding reference signal. Eq. (3) establishes a system of linear
equations that is solved using established iterative methods from the medical image reconstruction
literature. In particular, to mitigate artifacts due to noise and limited measurements, modern

reconstruction methods, inspired by compressive sampling theory, is utilized for this task.

C. Reconstruction of ultrasound reflectivity

Algorithms developed for reconstructing the 3D distribution of acoustic reflectivity of the
breast from knowledge of reflected, or backscattered, ultrasound data are provided. These
algorithms are developed within the framework of 3D reflectivity tomography. In previous theoretical
studies (24,25), identified data redundancies were identified and it was demonstrated that accurate
images could be reconstructed from backscattered acoustic echo data recorded on a sampled hemi-
spherical measurement aperture. Based on that work, robust iterative reconstruction algorithms that

incorporate the effects of the finite transducer size and finite sampling effects are developed.

IX. Ultrasound-assisted OAT image reconstruction

In previous studies of OAT it was assumed that the object is acoustically homogeneous,
which can limit image resolution. Reconstruction approaches for OAT that can compensate for
acoustic heterogeneities in the determined SOS distribution via inversion of a generalized Radon
transform (GRT) imaging model are developed. We have extensive experience with this topic (28).
Perturbation theory for travel times is employed to incorporate higher-order diffraction effects into the
GRT imaging model (28). This is based on a higher order geometrical acoustics generalization of the
OAT imaging model that takes into account the first-order effect in the amplitude of the measured
signal and second-order perturbation to the travel times that incorporate the effect of ray bending.
Data redundancies are exploited to demonstrate that the GRT model can be inverted uniquely and
stably by use of only half of the acquired measurement data. lterative reconstruction approaches that
permit explicit control of statistically complementary information that can result in the optimal
reduction of image variances are developed. Methods based on time-reversal principles also are
investigated. The effects of imperfect knowledge of the acoustic heterogeneity map also be
investigated and robust methods developed to mitigate them. The development of such methods for

compensating for acoustic attenuation is based on previous studies (26).

X. Optimization of reconstruction methods via computer-simulation studies

Computer-simulation studies are conducted to assess quantitatively the performance of the
developed reconstruction algorithms. Realistic 3D numerical breast phantoms (16) are constructed
that depict the acoustical and optical absorption properties of breast tissue. By use of these
phantoms, simulation data is computed by solving the acoustic wave equation using the inventors’
existing codes. Standard measures of physical image quality such as mean squared error is initially
used to guide the development and optimization of the algorithms. The impact of physical factors
such as stochastic data noise, the finite bandwidth of the receiving ultrasound transducers, and the

effects of finite sampling is investigated and compensated for. The developed algorithms are further
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refined and evaluated in the experimental studies described below that will quantify task-based image

quality measures.

Evaluation studies

I. Evaluation of the imaging system using physical phantoms

The imager and algorithm designs is informed and evaluated throughout the project by use of
experimental studies that utilize well-characterized multi-modality phantoms made of either gelatin or
poly(vinyl-chloride) plastisol (PVCP) and accurately mimicking optical and acoustic properties of the
object or tissue of interest using TiO2 as an optically scattering substance, various dyes for changing
optical absorption and polystyrene and glass microspheres for changing acoustic properties of the
phantoms.

Ultrasonic and optoacoustic phantoms exist or can readily be constructed. However, a single
phantom that is appropriate for validating our dual-modality imaging system does not exist.
Specialized dual-modality (US+OAT) phantoms that are well characterized can be constructed.
These phantoms incorporate the optical scattering and absorption properties as well as the acoustic
properties of breast tissue and are based on the inventors’ hybrid phantoms for use with ultrasound
tomography and diffuse optical tomography. Concentration of plastisol in PVCP was varied to
achieve appropriate acoustic properties, for example, SOS, density, or attenuation. The use of glass
microbeads to achieve tissue ultrasonic reflectivity were investigated.

For modeling the appropriate optical properties of breast tissue, i.e., index of refraction,
absorption coefficient, scattering coefficient, and scattering anisotropy, dyes, India ink, and titanium
oxide powder were used. PVCP has been shown to possess both optical and acoustic properties
similar to tissue, Indian ink is a common optical absorbing material, TiO2 powder is an established
choice for modeling optical scattering, and small glass beads that are optically transparent is explored
as a means of modeling acoustic attenuation of breast tissue. Blood-filled tumor-like inclusions are
developed and use colored polymer threads are used for modeling microvessels. Ultrasonic and

optoacoustic measurements are conducted to validate the phantoms.

Il. Phantom imaging studies

Phantoms imaging studies are conducted to validate the imager and algorithms.
Experimental parameters that are varied include the number of tomographic views acquired and the
number of optoacoustic sighals acquired at each transducer location that are averaged to improve
SNR. The algorithms described herein are designed to reduce both of these quantities in order to
minimize data-acquisition times. By use of phantoms that have tumors located at different depths and
have different optical absorption properties, the sensitivity of the OAT system is quantified. Simplified
versions of the phantoms are imaged for characterizing the spatially variant spatial resolution (42) and
noise properties (60) of the reconstructed images. Additional image quality metrics employed in the

imaging method are described below.
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In-vivo imaging studies

In vivo imaging system in subjects with tumors and lesions suspected as malignant

These in-vivo studies fine-tune the imaging system and image reconstruction algorithms and
quantify breast cancer detection performance in a clinical setting. Breast cancer imaging represents
the first in-vivo human application of multimode ultrasound/optoacoustic tomography, and vyields
preliminary data relevant to an evaluation of its clinical effectiveness. The system is highly effective
for therapy monitoring, since laser optoacoustic functional and molecular imaging can reveal early
physiological changes in blood supply, angiogenesis density and other molecular biomarkers.

The patient lies in the prone position on the examination table with the breast suspended
through an opening into an imaging tank filled with sterile warm water based optoacoustic coupling
medium. The imager surrounds the breast and collects the multi-wavelength OAT and ultrasound
tomography measurement data. The multi-wavelength OAT measurements are acquired using laser
wavelengths of 757 and 1064 nm, which permits differentiation of hypoxic and oxygenated blood.
Data is acquired at 800 nm, where hypoxic and oxygenated blood absorb equally, i.e., the isosbestic
point, which facilitates image normalization. The appropriate number of tomographic views to acquire
to avoid conspicuous artifacts is based on the numerical and physical phantom studies. From these
data, tomographic images representing the SOS, attenuation, reflectivity, and absorbed optical
energy density are reconstructed onsite by use of the developed algorithms that are most
computationally efficient. The measurement data is saved and is utilized for additional off-site
processing by use of advanced image reconstruction algorithms and is utilized to refine the algorithms

and systems provided herein.

Patient population

The clinical study is performed according to an IRB protocol pending approval at MD
Anderson Cancer Center. Patients with suspicious breast tumors identified by mammography and
confirmed by ultrasound as BIRADS 4 and 5 and scheduled for biopsy undergo the multimode laser
optoacoustic procedure prior to biopsy. As needed, breast MRI is performed on patients with
ambiguous mammography and ultrasound images. Biopsy serves as the gold standard method to
determine the tumor pathology. Patient information or other data with identifiers linked to the subjects

is removed from any reports that can be taken outside the clinical Center.

Creation of composite multi-parametric images

The ultrasound tomography images, for example, SOS, attenuation, or reflectivity, may be
fused into a single color-coded composite image. Human perception is not well suited to integrating
diagnostic information presented in a set of related images viewed in parallel (61-63). It is
contemplated that image fusion may facilitate the detection of breast cancer from the multi-parametric
ultrasound images by a human observer (20). The imaging systems and methods provided herein
are useful for forming a single composite image by use of linear (62) and non-linear (61) mappings of
the single-parameter image values into red, green, and blue channels. These mappings can encode

as much information as possible to help the expert reader. The evaluation methodology employed,
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including intra- and inter-observer analysis, is essentially similar to that employed by Alfano, et al.
(64) for a multi-spectral MRI application. A similar methodology is utilized to summarize information
regarding the functional OAT images in a single composite image. Thus, a composite OAT image
depicting the total blood concentration can be color coded with a color of dominating level of oxygen
saturation, so the radiologist can see the brightness based on the total blood content where the color
tells him/her whether the blood is hypoxic or normally oxygenated.

As described below, the invention provides a number of advantages and uses, however
such advantages and uses are not limited by such description. Embodiments of the present
invention are better illustrated with reference to the Figure(s), however, such reference is not meant
to limit the present invention in any fashion. The embodiments and variations described in detail
herein are to be interpreted by the appended claims and equivalents thereof.

FIGS. 1A-1C illustrate the advantages of LOUIS in detection of breast cancer during
examination and shows images of a portion of a human subject body with a cancerous tumor. In FIG.
1A an ultrasonic reflection image shows morphology of the subject body with volume of interest
(tumor) based on a signal proportional to a product of density and speed of sound. In FIG. 1B an
optoacoustic image shows the tumor based on signals proportional to concentration of the total
hemoglobin in the tumor angiogenesis microvasculature. In FIG. 8C an X-ray mammography image of
the same breast shows radiological density of the subject body with no contrast for the volume of
interest that includes tumor. The X-ray image is inconclusive due to high breast density, but the
presence of a tumor is confirmed by the ultrasound showing breast anatomy with enhanced tissue
density in the tumor, and by the optoacoustic image showing high concentration of hypoxic blood in
the tumor angiogenesis produced by the combined ultrasonic/optoacoustic system in diagnostic
imaging of breast cancer.

FIG. 2 is a photograph of the laser optoacoustic ultrasonic system as a fully assembled and
operating prototype, demonstrating that this invention was reduced to practice. This tomography
system has the following components and their technical specifications:

A. Pulsed Laser: Nd:YAG pumped Ti:Sapphire laser, Q-switched with pulse duration of 8 ns;

wavelength tenability range - 532 nm, 730 nm to 850 nm, 1064 nm; pulse energy 120 mJ, pulse
repetition rate 10 Hz, capability to toggle 2 wavelengths and tune continuously one wavelength.

B. Imaging module: Array of 128 ultrawide band ultrasonic transducers made of piezocomposite

materials, 1x1 mm lateral dimensions, 5 MHz central frequency. Minimal detectable pressure by the
system is about 1 Pa, which allows quantitative measurements of the optical absorption coefficient in
the biomedical objects with accuracy of better than pa~ 0.01/cm. Three bifurcating fiber bundles with
circular inputs and arc-shaped linear outputs that can be inserted in any of the 7 slots of the imaging
module subject body. Plastic polymer caps cover outputs of the fiber bundles. The polymer caps are
made transparent for optoacoustic imaging and black for laser ultrasonic imaging. Computer
controlled rotational motor allows precise rotation and positioning of the imaging module around the
biomedical object of interest. Typically, the module is rotated to 300 positions with 1.2 deg steps to
acquire complete set of 3D data. This in turn generates 38400 virtual detectors on the spherical

surface using 128 piezoelectric transducers, which results in accurate 3D images.
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C. Electronics; The electronics are composed of 4 x 32 channel analog low noise high input
impedance amplifier boards and 4 x 32 channel digital data acquisition boards with 12 bit ADCs and
reconfigurable FPGA microprocessors for signal processing and transfer of the information to a
computer for image reconstruction using multicore GPU Fermi video card. The system is computer
controlled with dual core CPU.

FIGS. 3A-3B are illustrations of the imaging modules for three-dimensional laser optoacoustic
ultrasonic imaging system, LOUIS. FIG. 3A depicts a design suitable for optoacoustic imaging with
combined linear-flat plus arc shaped combined array of ultrasonic transducers. FIG. 3B depicts a
design suitable for laser ultrasonic plus laser optoacoustic imaging with arc-shaped array of ultrasonic
transducers.

The imaging module 10 has a housing 1 made of hypo-echoic acoustically absorbing and
scattering material further electrically shielded with external metallization. An array of ultrawide-band
ultrasonic transducers 2, optimized as detectors in the frequency range from 120 kHz to 12 Mhz, is a
combined linear plus arc (J-shaped) array of 96 ultrawide-band ultrasonic transducers and arc-
shaped array of 128 ultrawide-band ultrasonic transducers. A translational X-Y-Z stage 3 provides
flexibility for accurately placing the volume of interest close to the focal area of the ultrasound
transducer array. A computer controlled rotational motor 6 allows precise rotational positioning of the
imaging module relative to the volume of interest within a subject body.

Fiber bundles 4a,b,c,d for optoacoustic illumination optimally are made of 50 micron diameter
glass fibers, about 12 mm diameter circular input and either flat rectangular outputs in 4a,b or arc-
shaped linear outputs 4c,d. These 1-into-2 split bundles are designed with cylindrical lens to produce
expanding beam of near-infrared laser illumination of tissue for optoacoustic imaging. Two pairs of
bundles are placed in the imaging module. One pair 4a,c is placed closer to the detecting array of
ultrasonic transducers for optoacoustic imaging of the skin outline in backward mode. The second
pair 4b,d is placed facing each other, orthogonally to the detecting ultrasonic array and along the
diameter of the imaging module for deep tissue optoacoustic imaging in orthogonal mode. Fiber
bundle 5 for laser ultrasound generation optimally is made of 50 micron diameter glass fibers, about
12 mm diameter rectangular input for laser coupling and 33 outputs. l.e., a 1-into-33 split. each having
circular output with a diameter of about 1 mm. This fiber bundle illuminates laser ultrasonic sources
with short pulses of a laser operating at high pulse repetition rate of about 1280 to 2560 Hz.

With continued reference to FIGS. 3A-3B FIGS. 4A-4B are views of a laser ultrasonic emitter.
The emitter 15 comprises fiberoptic illuminator holder 7, which is a plate that holds the outputs 5a of
the fiber bundle 5 and is configured to functionally connect with the imaging module 10. The fiber
bundle 5 comprises multiple sub-bundle outputs 5a, optimally about 32 to 64 sub-bundles. The sub-
bundles are placed on a diagonal 7b to connect the top and bottom corners of the laser ultrasound
emission aperture 7a. The laser ultrasound emission aperture optimally has a height greater than the
height of the volume of interest in the subject body and the width corresponding to angular aperture
greater than the width of the volume of interest. As an example an aperture of about 90 deg is
shown. The range of angular apertures may vary with design from as small as 60 deg to as large as

150 deg depending on the dimensions of the volume of interest within the subject body.
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A plurality of laser ultrasonic emitters, represented by 8, are hemispherical objects coated
with thin layer of highly optically absorbing material for emission of laser ultrasound. Due to a finite
diameter of the laser ultrasonic generator, the layer of the coating material should be spherically
shaped to produce closer to ideal virtual spherical source of laser ultrasound. A plate-holder 9 holds
the plurality of laser ultrasonic emitters 8, which are optimally separated at 9a from the outputs 5a of
the glass optical fiber bundles 5 in order to provide non-reverberating Delta pulses of ultrasound in
water-like optoacoustic coupling medium.

FIGS. 5A-5C illustrate advances in generation of short (so called, Delta) ultrasound pulses
using lasers. FIGS. 5A-5C demonstrate that invented designs of laser ultrasound (LU) emitters
produce short nonreverberating pulses of ultrasound with high amplitude (FIG. 5A) and ultrawide
frequency spectrum (FIG. 5B). FIG. 5C shows wide directivity diagram of LU generation provided by
a design with hemi-spherical tips of LU sources, which generated close to ideal ultrasonic waves with
spherical wavefront. The design with spherical tips is preferred vs small flat sources due to wider
directivity of the emitted LU. Based on this design other improved designs have been implemented.
Efficiency of the designed LU source, LUE=5 [kPa]/[mJ/cmz], and for the optimized spherical source
coated with highly thermally expanding materials LUE can reach over 100 [kPa/[mJ/cmz].

FIG. 6 is a table of Gruneisen parameters which is proportional to the efficiency of laser
generation of ultrasound. Gruneisen parameter are presented for examples of liquid and solid
materials with high thermal expansion and high speed of sound, which enables high laser ultrasound
efficiency. The most important, however, is that the material will have very strong optical absorption
at the laser wavelength employed for generation of ultrasound pulses. Such metals as gold and silver
when made as thin layers possess plasmon resonance absorption which can be used for the benefit
of LU generation. Alternatively, polymers such as PDMS or PMMA can be used for LU generation
when colored with strongly absorbing molecules or particles.

FIG. 7 depicts a design of a hand-held probe for the 2D tomography system. Real-time laser
ultrasonic imaging can be performed using a specially designed imaging module miniaturized as a
hand-held probe 20. FIG. 7 shows two 4-6 mm ultrasonic transducers 21a,b as a portion of a linear
array of 128 ultrasonic transducers. Fiberoptic bundle 22 is inserted between the two transducers to
deliver laser pulses 22a to an optically absorbing layer 23, which generates ultrasound pulses 23a in
response to the laser pulses. An acoustic lens 24 focuses the laser generated ultrasonic pulses into a
thin slice of tissue in the volume of interest and also helps to collect reflected ultrasonic pulses also
only from a thin layer of tissue being imaged. The acoustic lens can also serve as an ultrasound
emitter, if made at least partially from materials that possess strong optical absorption and significant
thermal expansion.

FIGS. 8A-8C demonstrate advantages of laser ultrasound pulses compared with electrically
generated ultrasound pulses. Electrically generated ultrasound pulse (FIG. 8A) produced by a
standard commercial ultrasonic transducer is strongly reverberating, so that an envelope of this pulse
has to be used in reconstruction of images in ultrasound tomography. In contrast, laser generated
pulse is non-reverberating and possess high amplitude. One skilled in the art can conclude from FIG.

8A and FIG. 8B, that laser ultrasound tomography can achieve spatial resolution about 3 times better
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than that of ultrasound that employs electrically generated ultrasonic pulses. FIG. 8C shows that
ultrasonic frequency spectrum of laser ultrasound pulse is much wider compared with electrically
generated ultrasound pulse. The ultrawide spectrum of ultrasonic frequencies available for laser
ultrasound not only result in greater spatial resolution, but also can be used for ultrasonic
spectroscopy as a method of tissues characterization with diagnostic purposes using ultrasonic
imaging systems.

FIGS. 9A-9B are examples of spatial resolution achieved in LOUIS-3D system. In FIG. 9A
three intersecting horse hairs were imaged as a subject body and the optoacoustic image brightness
cross-section is presented for one of the hairs. The horse hairs had diameters about 100 to 150
micron. In FIG. 9B the image brightness shows Gaussian shape with FWHM equal to 300 micron.
Such spatial resolution is achieved with detecting ultrasonic transducer array having sensitivity
bandwidth from 150 kHz to 5 MHz. The image resolution can be further improved with widening the
bandwidth of ultrasonic transducers, reduction of the transducer lateral dimensions and more
accurate system alignment.

FIGS. 10A-10B illustrate the importance of ultrasonic transducers sensitive within ultrawide-
band of ultrasonic frequencies. Optoacoustic profiles detected from an absorbing sphere by
ultrasonic transducer made of PZT - standard relatively narrow band ultrasonic transducer (FIG. 10A)
and a new ultrawide-band transducer made of single crystal PMN ceramic (FIG. 10B) are shown. A
similar profile was observed from MPT single crystal ceramics. The profile in FIG. 10A is strongly
reverberating, i.e. distorted, while the profile in FIG. 10B shows N-shaped non-reverberating pulse,
which can be used for reconstruction of quantitatively accurate optoacoustic images of a sphere.

FIGS. 11A-11B are 2D projections of three-dimensional optoacoustic images of a skin outline
of mouse subject body in vivo obtained with LOUIS-3D using illumination in backward mode. The
laser illumination wavelength of 532 nm and the methods of signal and image processing were
chosen to emphasize the skin surface. Knowledge of the skin outline permits separation of the
volume inside the imaging module into two domains: the domain of the subject body and the external
domain of the optoacoustic coupling medium. Since all properties of the coupling medium are well
known, separation of the two domains allows much more accurate reconstruction of volumetric
optoacoustic and ultrasonic images of the subject body.

FIGS. 12A-12B illustrates that images of the speed of sound presents morphology with
valuable diagnostic information. The image in FIG. 12A represents distribution of the speed of sound
(SoS or SOS) in a phantom simulating a breast with tumors. Typically breast tumors have an SoS
higher than that of normal breast tissues. The image of ultrasonic attenuation (UA) in FIG. 12B
represents morphology with valuable diagnostic information, for example, the attenuation of fat and
glandular tissues differ in the breast. In addition to diagnostic information, SoS and UA images allow
correction of optoacoustic and ultrasonic images reconstruction algorithms in heterogeneous tissues.
In a human subject body, anatomical ultrasonic imaging can provide morphology of background
tissues, SoS and UA information and shape and structural features of tumors and blood vessels.

FIG. 13 shows a 2D projection of an optoacoustic image of mouse body. The image

demonstrates that anatomical images can be produced by optoacoustic subsystem of LOUIS. Not
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only soft tissue organs and larger vasculature can be visualized, but also microvasculature of the
skin, spine, ribs and joints.

FIG. 14 shows a 2D projection of a 3D LOUIS images of an animal subject body vasculature,
i.e., angiography. Functional optoacoustic imaging can provide measurements of [Hb] and [HbO]
(and total hematocrit) in tissues and blood vessels, assessment of heart function and blood flow, and
assessment of tumor angiogenesis for diagnostic purposes. Microvessels as small as 50 micron are
visible on LOUIS images due to high contrast (resolution 300 micron). Quantitative accuracy of the
absorption coefficient was found about 0.1/cm in blood vessel phantoms.

FIG. 15 shows an exemplary optoacoustic image of brain vasculature of a live mouse. This
type of imaging is important for detection and characterization of stroke and traumatic injury of the
brain. This embodiment demonstrates capability of IOUIS for molecular imaging using exogenous
contrast agents.

FIGS. 16A-16C shows 2D projections of 3D optoacoustic images of breast tumor receptors
visualized using targeted contrast agent based on bioconjugated GNRs. Before injection of the
contrast agent, mouse tumor (FIG. 16A) was visualized based on its microvasculature (FIG. 16B).
After intravenous injection of gold nanorods (GNR) conjugated with PEG-Herceptin (FIG. 16C),
distribution of targeted molecular receptors of HER2/neu in BT474 breast cancer cells became most
contrasted feature. Quantitative information is the primary merit of optoacoustic imaging and can
provide absolute values of the optical absorption coefficient and concentration of the most
physiologically important molecules in the subject body.

FIGS. 17A-17B are exemplary 3D laser optoacoustic images of the breast acquired and
reconstructed with LOUIS-3D. The laser wavelength used for illumination was 760 nm to emphasize
veins and tissues with low blood-oxygen saturation level in the right breast (FIG. 17A) and 1064 nm to
emphasize arteries and oxygenated tissue in the left breast (FIG. 17B). Optoacoustic orthogonal
mode of illumination was used to acquire these images. Combination of Ultrasound and Optoacoustic
Imaging also can be produced by LOUIS. One and the same probe and electronics hardware allows
coregistration of ultrasonic and optoacoustic images, yielding complementary biomedical information.

FIG. 18 illustrates the method of optoacoustic image reconstruction with high accuracy of
quantitative information based on data space restoration using curvelet transform followed by image
reconstruction using filtered backprojection. This method is real time imaging method is equal or
even more accurate than iterative methods of optoacoustic image reconstruction.

FIGS. 19A-19B show two optoacoustic images of a mouse vasculature reconstructed using
standard filtered backprojection algorithm, which produces significant blurring and distortions (FIG.
19A) and filtered backprojection algorithm using optoacoustic signals processed with curvelet
deconvolution method of data space restoration, which removes signal distortions associated with
imperfection of the system hardware as well as alterations that occur in the course of propagation
through tissues (FIG. 19B).

FIGS. 20A-20B show two images reconstructed using filtered back-projection algorithm taking
entire set of measured optoacoustic signal data (FIG. 20A) and iterative algorithm taking only 1/4

portion of the set of measured optoacoustic signal data (FIG. 20B). This example shows that the
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number of detecting transducers can be optimized by trading off small reduction in image quality for
significant reduction in the data acquisition time and system cost. Based on the present design of
LOUIS-3D and our understanding of iterative algorithms of 3D image reconstruction using sparse
data, we teach here that LOUIS-3D is able to produce real-time volumetric images, i.e. acquire
images with video rate of multiple frames per second. One possible design of the imaging module is
a sphere sparsely but evenly covered with ultrasonic transducers, e.g. 512 detectors, which can
acquire 3D images in one static position without any rotation around the object. With more and more
powerful computers in future, it is contemplated that reconstruction of 3D images, i.e., large volumes
with very high resolution. also can be accomplished faster than in 1 second.
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This invention fulfills a longstanding need in the art for a tomography system that provides
images based on ultrawide-band non-reverberating laser-induced ultrasonic pulsed signals. The
system provides quantitative functional and molecular plus anatomical imaging through coregistered
and mutually informed laser ultrasonic and optoacoustic images. The specifications and
embodiments described herein serve to provide for disclosure of the following specific systems,

methods and their biomedical applications.
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WHAT IS CLAIMED IS:

1. A laser ultrasonic imaging system, comprising:

a) a laser for delivering short pulses of optical energy to an array of ultrasonic
emitters comprising optically absorbing elements placed in specific locations
configured for efficient conversion of the absorbed optical energy into a short
ultrasonic pulses within a ultrawide band of ultrasonic frequencies;

b) an ultrasonic emitter for delivering said short ultrasonic pulses with known
amplitude and ultrasonic frequency spectrum through a coupling medium to a volume
of interest in a subject at a given time or time zero;

c¢) detector probe comprising an array of ultrawide-band ultrasonic transducers
that are sensitive to the range of the ultrasonic frequencies for detecting said short
ultrasonic pulses in multiple positions at or around said volume of interest and
measuring one or more parameters of time of propagation, amplitude and ultrasonic
frequency spectrum, after said short ultrasonic pulses are transmitted through or
reflected from the volume of interest using the array of ultrawide-band ultrasonic
transducers that convert ultrasonic pulses into electronic signals;

d) a data acquisition board consisting of an amplifier for analog ampilification
and analog-to-digital converter (ADC) for digital recording of said electronic signals;

e) a field programmable gate array (FPGA) microprocessor unit for performing
signal processing to remove distortions of electronic signals, image reconstruction
using tomography algorithms and data transmission to a computer;

f) an optional graphical processing unit (GPU) for accelerated image
reconstruction; and

g) a central processing unit for system control, image processing and display.

2. The imaging system of claim 1, wherein said system is configured to
produce in real time at a video rate two-dimensional images of thin tissue slices based
on measured parameters of the speed of sound, ultrasound attenuation or ultrasound
backscattering.

3. The imaging system of claim 1, wherein said system is configured to
produce three-dimensional images of the volume of interest in a subject body based
on measured parameters of the speed of sound, ultrasound attenuation or ultrasound

scattering.
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4. The imaging system of claim 1, wherein the means for detecting said
ultrasonic pulses comprises a hand-held probe configured for acquisition,

reconstruction and display of real-time two-dimensional or three-dimensional images.

5. A dual-modality imaging system, comprising:

a) first means comprising the laser ultrasonic system of claim 1 configured to
generate tomographic images of a volume of interest in a subject body utilizing
parameters comprising one or more of the speed of sound, ultrasound attenuation or
ultrasound backscattering; and

b) second means for generating optoacoustic tomographic images of
distribution of the optical absorption coefficient in the subject body utilizing parameters
of the absorbed optical energy density or various quantitative parameters that can be
derived from the optical absorption.

6. The dual-modality imaging system of claim 5, wherein the first
generating means comprises laser-generated ultrasound and the second generating
means comprises laser-generated optoacoustics, both of said first and second means
comprising an ultrawide-band ultrasonic transducer array positioned for acoustic
detection of transient pressure waves resulting from delivery of the laser-generated

ultrasound and the laser-generated optoacoustics.

7. The dual-modality imaging system of claim 6, wherein the images
generated by the laser-generated ultrasound are tomographic images of tissue

anatomy, morphology and structure.

8. The dual-modality imaging system of claim 6, wherein the images
generated by the laser-generated optoacoustics are tomographic images of tissue
functional molecules such as hemoglobin, oxyhemoglobin, water, lipids, proteins and

other molecules of biomedical interest.

9. The dual-modality imaging system of claim 6, wherein the images
generated by the laser-generated optoacoustics are tomographic images of proteins,

nucleic acids, enzymes and other molecules comprising tissue of biomedical interest
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targeted with exogenous contrast agents or images of a spatial distribution of the
exogenous contrast agents, said contrast agents increasing contrast or characterizing

molecules, cells or tissues.

10.  The dual-modality imaging system of claim 9 wherein said exogeneous
contrast agents are optical, optoacoustic, acoustic ultrasonic or dual optoacoustic-
ultrasonic contrast agents and said contrast agents are either molecules or

nanoparticles.

11.  The system of claim 5, wherein all images are spatially coregistered or

temporally coregistered.

12.  An imaging method for increasing contrast, resolution and accuracy of
quantitative information obtained within a subject, comprising the steps of:

a) producing a laser ultrasound or laser optoacoustic image of an outline
boundary of a volume of interest within the subject using the dual-modality imaging
system of claim 5;

b) generating a spatially or temporally coregistered image of speed of sound
and/or an image of ultrasonic attenuation within the outlined volume boundary from
information contained in the laser ultrasound or laser optoacoustic image; and

c) generating a spatially or temporally coregistered optoacoustic image based
on absorbed optical energy using an algorithm of the image reconstruction that
employs distribution of the speed of sound and/or ultrasound attenuation within the

outlined volume boundary.

13.  Alaser optoacoustic ultrasound imaging system (LOUIS), comprising:

a) a dual laser source switchable between a laser ultrasonic mode and a laser
optoacoustic mode, said laser source configured to emit either short optical pulses
with high repetition rate for the illumination of the ultrasonic emitters in the ultrasonic
mode or short optical pulses with lower repetition rate but higher pulse energy for the
illumination of the volume of interest in the optoacoustic mode;

b) an imaging module comprising one or more array of ultrawide-band

ultrasonic transducers configured to detect, through a coupling medium, optoacoustic
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and ultrasonic signals propagated as transient pressure waves from said volume of
interest within a subject body;

c) stage configured to rotate and/or translate said imaging module relative to
the volume of interest in the subject body to create multiple pressure waves, said stage
is computer controllable or manually controllable;

d) electronic components for processing said detected laser optoacoustic and
laser ultrasonic signals and reconstructing processed signals into one or more of
anatomical and functional/molecular images of the volume of interest in the subject
body.

14.  The laser optoacoustic ultrasound imaging system of claim 13, further
comprising a computer and a display for displaying the one or more images or
superimposed coregistered images of the subject body or the volume of interest

therein.

15.  The laser optoacoustic ultrasound imaging system of claim 13, wherein
laser optoacoustic illumination is performed in orthogonal mode, backward mode

forward mode relative to the subject body or the volume of interest therein.

16.  The laser optoacoustic ultrasound imaging system of claim 13, wherein
laser ultrasonication is performed in transmission or forward mode or in reflection or
backward mode relative to the subject body or the volume of interest therein or in a

combination of said modes.

17.  The laser optoacoustic ultrasound imaging system of claim 13, wherein

the laser wavelength is about 532 nm to about 1064 nm.
18.  The laser optoacoustic ultrasound imaging system of claim 13, wherein
the one or more ultrawide-band ultrasonic transducers are configured to detect

ultrasonic signals with no or minimal reverberations.

19.  The laser optoacoustic ultrasound imaging system of claim 13, wherein

the transducer array is interchangeable for acquisition of various types of images in
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order to achieve greater contrast, resolution, or quantitative accuracy of either

optoacoustic or ultrasonic images or both.

20. The laser optoacoustic ultrasound imaging system of claim 13, wherein
the rotating stage is configured to rotate said imaging module, wherein the detecting
array of transducers comprises an arc-shaped array or linear flat array or combination
of said array shapes comprising small ultrawide-band ultrasonic transducers with wide

angular directivity.

21.  The laser optoacoustic ultrasound imaging system of claim 13, wherein
the translating stage is configured to translate said imaging module, wherein the
detecting array of transducers comprises an arc-shaped array or linear flat array or
combination of said array shapes comprising finite size ultrasonic transducers with

narrow angular directivity.

22.  The laser optoacoustic ultrasound imaging system of claim 13, wherein
the electronic components for processing and reconstructing said detected ultrasonic
signals comprises one or more of:

electronic amplifiers with time-gain-control circuits;

multichannel analog-to-digital-converter with a field programmable gate array;
and

imaging module design and tomography algorithms configured to reconstruct

quantitatively accurate volumetric images.

23. The laser optoacoustic ultrasound imaging system of claim 13, wherein
said imaging module comprises a hand-held probe configured for acquisition,

reconstruction and display of real-time two-dimensional or three-dimensional images.

24 A method for imaging a subject's body or a volume of interest within,
comprising the steps of:

a) positioning the subject body within or proximate to the imaging module of the
laser optoacoustic ultrasound imaging system of claim 13;

b) delivering a laser-generated pulses of ultrasonic energy to a volume of

interest in the subject body;
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c) detecting the transmitted or reflected ultrasonic pressure waves while
measuring one or more parameters comprising a difference between the time of
emission and a time of arrival, a difference between emitted amplitude and detected
amplitude, and a difference between ultrasonic frequency spectrum of emitted and
detected ultrasonic pulses;

d) delivering a laser-generated pulse of optical energy to a volume of interest
in the subject body;

e) detecting the ultrasonic pressure waves generated through optical
absorption inside the subject body while measuring one or more parameters
comprising a time of arrival relative to a time of generation, an amplitude of detected
optoacoustic signals, and an ultrasonic frequency spectrum of detected optoacoustic
signals;

f) scanning the subject body or volume of interest therein with a detecting array
of ultrawide-band ultrasonic transducers by repeating steps b) to e) at multiple
positions around the subject body or volume of interest while simultaneously scanning
the sources of optical energy and sources of ultrasonic energy such that relative
position of the detecting array of ultrasonic transducers and the sources of optical or
ultrasonic energy can change or remain constant during the scans;

g) processing the detected ultrasonic signals to remove distortions of detected
signals; and

h) reconstructing one or more volumetric images via mathematical tomography

algorithms using data of the processed signals.

25. The method of claim 24, wherein the pulse of optical energy has a
duration shorter than the time of pressure wave propagation through the distance in

the subject body or volume thereof equal to a desired spatial resolution.

26 The method of claim 24, wherein the scanning step comprises:

a) scanning the whole subject body with a first array of ultrasonic transducers
in a rotational configuration to determine at least one volume-of-interest and its
characteristics related to absorbed optical energy;

b) replacing the first array with a second array of ultrasonic transducers in a

translational configuration; and
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¢) scanning through said at least one volume-of-interest with a high resolution
sufficient to acquire quantitative information related to distribution and concentration

of functional molecules therein.

27 The method of claim 24, wherein the one or more volumetric images are
either three-dimensional images of the volume of interest or of the subject body, or
two-dimensional slices through the three-dimensional volume of interest or even one-

dimensional profiles of molecules of interest within the volume.

28 The method of claim 24, wherein at least one volume of interest is a

tumor, a lymph node, a vascular circulation network, or a brain.

29 The method of claim 24, wherein laser ultrasound or laser optoacoustic
images provide a feedback for guidance of therapeutic treatments or surgical

interventions.
30 The optoacoustic imaging method of claim 24, wherein the step of
delivering pulsed optical energy is performed at multiple wavelengths of light, whether

in sequence or toggling.

31 The optoacoustic imaging method of claim 24, wherein the other energy

is electromagnetic energy with a wavelength of about 1 nm to about 1m.
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Smooth curves of optoacoustic pressure
sinograms can be sparsely represented by
curvelets:
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—yM: curvelets
— 0: curvelet coefficient vector
— Sparsity: most elements of 6 equal zero

+ Sparsity can be employed as a priori
information to regularize data restoration
without loss of resolution and quantitative
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